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The alkaline disturbance of clayey rocks in contact with cementitious materials is an 
important point in safety performance studies for the potential storage of high-level radioactive 
wastes in deep geological formations in France. High-pH plumes arising from cementitious 
leachates are known to alter the mineral assemblage of clayey formations selected to play the 
role of natural barriers for radioactive waste repositories. Dissolution of constitutive minerals 
such as smectite and precipitation of secondary phases such as feldspar and zeolite have been 
reported [1]. These mineral changes are suspected to have a significant effect upon diffusive 
transport properties, either enhancing or decreasing the mudrock ability for radioelement 
confinement. For instance, experiments performed under alkaline conditions have shown a 
decrease in water diffusion fluxes and an increase in cation fluxes [2]. 

Therefore the short and long term behaviour of the clayey rock in the geological barrier 
must be evaluated and understood. In this purpose, the Institute for Radioprotection and 
Nuclear Safety (IRSN) and the Scientific Research National Center (CNRS) have developed a 
research program based on argillites of the Tournemire experimental platform (France). This 
program, integrated in the TRASSE Research Group, aims at describing, among others items, the 
modifications of Toarcian argillites in contact with cementitious materials over various time 
scales (from a few years to a hundred of years).  

The Tournemire experimental platform of IRSN in Aveyron is based on a tunnel and several 
galleries. The tunnel was excavated between 1882 and 1886 through Domerian marls and 
Toarcian argillites. Its walls were recovered by lime that is yet in contact with the argillites.  

The program associated to the study of the engineered analogues provided by the 
Tournemire experimental platform is presented in this congress (See poster X Bartier et al, this 
session). 

In parallel, lab experiments (diffusion and advection) are performed in smaller time (1 year) 
and space scale to control some parameters and complete engineered analogues results. 

This poster aims at detailing the scientific program developed on diffusion lab samples (1) 
and advection lab samples (2): 

(1) This diffusion study was designed to provide better understanding of the phenomena 
that govern diffusion processes during the transient phase between site and alkaline conditions. 
Experiments involving the use of “through-diffusion” cells [2,3] were performed to reproduce the 
effect of an alkaline plume through different types of Tournemire clayey materials. Two kinds of 
synthetic alkaline fluids aiming to mimic a fresh concrete pore water (N1) or a moderately 
degraded concrete pore water (N2) and three kinds of sliced rock materials (no fractured, with an 
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opened fracture or with a tectonic fracture filled with calcite) were investigated for the diffusion 
of both water and major cations (Tab. 1).  

An equilibration procedure was required to i) resaturate the rock with water and ii) force its 
equilibration with a synthetic solution prior to diffusion experiments. Then tritiated water (HTO) 
considered as a reference species was introduced in the upstream reservoir in order to deduce 
the HTO diffusion coefficient through each sample. The process for alkaline fluid diffusions was 
then somewhat different from the so-called “through-diffusion” process: in these experiments, 
steady chemical conditions were maintained in the upstream reservoir filled with synthetic 
alkaline fluids (N1 or N2) while the downstream reservoir, initially filled with a synthetic site 
solution, was left free of any particular constraint. At last, tritiated water was introduced in the 
upstream reservoir in order to deduce the evolution of diffusion coefficients for HTO after 
alkaline fluid diffusion.  

(2) The advection study was designed to evaluate the influence of an advective hydraulic 
regimen on the interaction argillite/alkaline fluid in comparison with the diffusive one. Two 
advection experiments were performed with an equilibrated synthetic water and then a 
synthetic fresh concrete fluid (N1) through fractured sliced samples under a pressure of 26 bars 
(Tab. 1). A significant flow rate is observed in the first case (cell 2) even though no flow is 
observed in the second one (cell 3). 

In all experiments, pH and concentrations (cations, anions) were monitored in time. 
Mineralogical and petrographical analyses (XRD, SEM, TEM) of the argillite cores were performed 
before and after the experiments for characterizing the mineral alterations and their potential 
role on the alkaline plume migration. The advection experiments were modeled with the 
reactive transport code HYTEC by simulating aqueous chemistry, cation exchange and 
kinetically-controlled dissolution/precipitation processes. 

Table 1: Experimental characteristics of diffusion and advection experiments 

Diffusion experiments 

N° Cell Sliced rock material 1rst phase 2nde phase 

 Strat. orientation Structure   

1 0° No fracture N1/site N2/N1 

2 0° Opened fracture N1/site N2/N1 

3 60° Large tectonic fracture filled with calcite N1/site N2/N1 

4 0° Thin tectonic fracture filled with calcite N1/site  

5 0° No fracture N2/site  

6 0° Opened fracture N2/site  

7 0° Large tectonic fracture filled with calcite N2/site  

8 60° Large tectonic fracture filled with calcite N2/site  

Advection experiments 

2 0° Opened fractures N1  

3 0° Opened fractures N1  

X/X: upstream reservoir/downstream reservoir initial conditions (kept constant in the upstream 
reservoir) 
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Site: synthetic site solution ([Na] = 12.5 mM, [K] = 0.14 mM, [Ca] = 0.37 mM, [Mg] = 0.29 mM, [Cl] = 
9.3 mM, [SO4] = 0.21 mM, [F] = 0.23 mM, pH = 8.4)  

N1: synthetic fresh concrete fluid ([Na] = 80 mM, [K] = 100 mM, [Ca] = 1 mM, pH = 13.12)  

N2: synthetic moderately degraded concrete fluid ([Na] = 8 mM, [K] = 10 mM, [Ca] = 30 mM, pH = 
12.73) 

For diffusion experiments, the main conclusions are the following: 

• HTO diffusion coefficients during the alkaline diffusion processes: decrease of 25-30 % 
during the N1 diffusion process and then of 60-70 % during N2 (Tab. 2). 

 
Table 2: Evolution of De(HTO) before and after diffusion experiments 

 Unfractured sample Samples with opened 
fracture 

Samples with calcite-
filled fracture 

N1/site 
De(HTO) initial (m2.s-1) (2.62 ± 0.12)10-11 (2.80 ± 0.14)10-11 (2.17 ± 0.09)10-11 
De(HTO) final (m2.s-1) (1.92 ± 0.08)10-11 (2.04 ± 0.10)10-11 (1.42 ± 0.06)10-11 

N2/N1 
De(HTO) initial (m2.s-1) (1.92 ± 0.08)10-11 (2.04 ± 0.10)10-11 (1.42 ± 0.06)10-11 
De(HTO) final (m2.s-1) (7.89 ± 0.34)10-12 (8.24 ± 0.34)10-12 (4.78 ± 0.18)10-12 

 
• Precipitation phenomena are less intense during the N1 diffusion process than N2: the 

alkaline plume induces calcite precipitation and CSH neoformation. 

• No significant differences between the phenomena observed in unfractured and 
fractured clayey samples show that discontinuities are readily sealed by the swelling 
property of the clayey rock when fully hydrated. 

• The tectonic fractured-zone slices show larger heterogeneity than the samples without 
discontinuities: the occurrence of calcite and pyrite veins in this zone plays a role in the 
diffusion process. 

For advection experiments, samples analyses after N1 fluid advection show: 

• In the case of cell 2, the fluid is abundant, its flow rate varies with time (∼ 12 ml/d) and 
its chemical composition evolves until it reaches that of the input alkaline solution N1. 
No fluid recovered in the case of cell 3. 

• No significant mineralogical differences between cells 2 and 3 by XRD, SEM, TEM 
analyses: fractures are preferential zones for neoformations such as calcite, potassic 
feldspars, CASH, and rare Na-zeolites (confirmed by modeling). 

• No significant difference between cationic exchange capacity of cells 2 and 3: maybe an 
artificial increase resulting from the CASH dissolution at neutral pH (Fig. 1)  

• Significant difference between cationic distribution of cells 2 and 3: if the cell 3 one is 
very close to the initial state, the cell 2 one shows a Na and K concentration increase in 
parallel to a Mg and Ca decrease (confirmed by modeling) (Fig. 1). 

• In the case of the cell 2, (i) the alkaline plume applied under an advective hydraulic 
regimen induces a deep mineralogical evolution of the argillite, (ii) the initial 
fracturation state is two important to allow a sealing phenomenon. Whereas in the case 
of the cell 3, a diffusive regimen seems occur probably in reason of a low fracturation 
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state combined with a low advective pressure so (i) the alkaline plume is less intense 
inducing less mineralogical disturbances nevertheless (ii) resaturation and 
neoformations located on fractures induce a sealing phenomenon. 

• Modelling results correctly fits the evolution over time of chemistry and cation 
exchange population. Likewise the modelling of 15 year-old analogues at Tournemire 
[4], kinetics of dissolution and precipitation is found to be necessary for a better 
reproduction of the experimental observations in the argillite samples compared to 
thermodynamic equilibrium. Modelling shows no significant evolution of the porosity 
for both cells 2 and 3.  

Figure 1: Major cation concentrations and CEC before and after advection experiments 
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